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The ARM Southern Great Plains (SGP) site is a world-class platform for greenhouse gas (GHG) research because of carbon cycle measurements made on the ground and in the atmospheric column, as well as other measurements being made at the SGP site. For example, the combination of radiation measurements, radiosonde, and other meteorological observations are critical to accurately model CH 4 and CO 2 atmospheric transport and emissions. There is no other site in the United States with such a complete set of supporting measurements to explore high frequency changes in GHG in the total atmospheric column.
The primary objective of ARM-ACME campaigns is to quantify trends and variability in GHG mixing ratios over the SGP using the ARM Aerial Facility (AAF). These data provide a foundation for understanding the carbon budget of North America and the processes that govern the budget. The routine vertical profile flights at SGP are the backbone of this effort, for several reasons. First, they are the most frequent routine airborne measurements in the United States, feeding data to national carbon observing networks, quantifying the long-term secular trend in atmospheric CO 2 mixing ratios in the mid-continent. Second, these are the only regular airborne observations in the nation that are routinely compared to (validated against) in situ continuous measurements. Finally, they fill a critical geographic gap in the southern mid-continent where air flowing from the Gulf of Mexico and the southwestern U.S. converges ( Figure 1 ). ARM-ACME observations provide essential information over a large area which reduces GHGs modeling uncertainties. Aircraft samples at lower altitudes provide constraints on local emissions and uptake by agriculture and oil and gas operations. 
Notable Events or Highlights
We have designed a suite of routine and intensive airborne missions to meet the multiple objectives. Table 1 lists these objectives. Missions were designed with collaborators at Caltech, NASA/JPL, NOAA, Carnegie Institution, and the University of Colorado, ensuring that all data collected have a scientific impact. In addition, the ARM-ACME airborne campaigns are integrated with our DOE Atmospheric System Research-supported, land-based, carbon-cycle measurements and ecosystem and atmospheric models. 
Result 1: Error Quantification in Aircraft-Based Flask Sampling
Flasks collected from airborne platforms provide calibrated data referenced to World Meteorological Organization (WMO) standards, including those analyzed at NOAA/GMD Boulder, Colorado. We use these observations in the validation of ARM-ACME continuous observations, but they play a critical role for the larger scientific community for quantifying CO 2 anthropogenic emissions and understanding carbon uptake and release from land ecosystems and oceans. Our comparisons of CO 2 observations collected using multiple technologies (two continuous analyzers and one flask sampler; Biraud et al. 2013) by ARM-ACME, have shown that flasks are developing large bias (>0.5 ppm) due to aging of the material used in the flask package. This bias can be tested in the laboratory but validation at varying altitudes is also required. If generalizable to flask packages network-wide (as our data suggest), this undocumented bias could have large consequences for the ability of scientists to infer trends, sources, and sinks of GHGs at regional and global scales.
Result 2: Close the Large Gap in U.S. Methane Emissions Estimates
There is an intensive, ongoing debate in the scientific community, federal agencies, and the media as to the amount of methane leaking or vented from natural gas production regions of Texas and Oklahoma. We documented a large discrepancy in CH 4 .7), including the SGP, presumably due to fossil fuel extraction and refining. U.S. Energy Secretary Moniz referenced this study in a recent keynote address, saying that "more data are needed" to address the discrepancies it reported (http://plattsenergyweektv.com/news/article/287078/293/-Energy-Sec-Moniz-on-Oil-Exports--New-LoanPlans). The SGP aircraft data set provides a critical set of observations to determine the answer to this question because of their location, frequency, and measurement accuracy. 
Result 3: Support Calibration and Testing of FTS, AirCore, and TES Missions
ARM-ACME works in concert with efforts supported by other federal agencies to develop the national carbon observing system called for in the CCSP and NACP. Critically, SGP has become a focal point for evaluating new remote sensing instruments on ground, airborne, and satellite platforms for determining GHG mixing ratios. These instruments require validation against in situ measurements of the vertical profiles of these mixing ratios.
FTS Column CO 2 Retrievals
The global distribution and vertical structure of atmospheric CO 2 and other GHGs (e.g., CH 4 , N 2 O) are necessary for detailed investigation of potential errors in GCM representation of CO 2 radiative forcing and for inverse model estimation of surface fluxes. The ARMSGP site is a validation site for a Caltech (Principal Investigator Paul Wennberg) ground-based Fourier transform spectrometer (FTS). These instruments retrieve column mean mixing ratios of different GHGs, and require validation with in situ measurements to high altitude. To verify the accuracy of the space-based column CO 2 (χCO2) data, a validation program that ties χCO 2 with the WMO standard for atmospheric CO 2 has been developed. The WMO standard is based on in situ observations of CO 2 from flask measurements, tall towers, and aircraft. 
AirCore Vertical Profiles Validation
Full-column greenhouse gas sampling based on the AirCore technology (Karion et al. 2010 ) allows vertically resolved measurements of greenhouse gases concentrations (CO 2 , CH 4 , and CO) from the ground up to 100,000 feet using a weather balloon. The AirCore project has estimated that ARM-ACME flights coordinated with AirCore launches provide validation for AirCore for future OCO-2 validation. AirCore flights are infrequent and deployed a few times per season at best. ARM-ACME missions provide an important link between seasonal-scale changes measured by the AirCore profiles and shorter-timescale changes that are expected in the lower troposphere. ARM-ACME will be used to assess the uncertainty of column CO 2 estimates based on infrequent AirCore observations. 
TES Column CO 2 Retrievals
ARM-ACME observations are a critical part of validation of CO 2 from the Tropospheric Emission Spectrometer (TES) (Kulawik et al. 2010 , which is a mid-Tropospheric CO 2 product that complements the column products produced by GOSAT and OCO-2 (Kuai et al. 2013 ). The vertically resolved ARM-ACME measurements document seasonal cycles between 0 and 2 km versus above 2 km, which are needed for ascertaining the surface sensitivity of the satellite measurements. In the past two years, the TES satellite team and the ARM-ACME team collected co-located aircraft measurements under the TES satellite overpass, which have been important for quantifying TES retrievals' systematic errors. In the new NASA-funded project, Estimation of biases and errors of CO 2 satellite observations from AIRS, GOSAT, SCIAMACHY, TES, and OCO-2, ARM-ACME observations are included as the Lamont TCCON site is co-located and the combination of column measurements and ARM-ACME observations have atmospheric CO 2 coverage not available by using either data set alone. This project includes using the combined measurements for AIRS validation (which has sensitivity higher than the aircraft measurements alone) and using the ARM-ACME data for assessment of differences seen with TCCON.
Results
Result 1: Quantification of trends and variability in atmospheric concentrations of CO 2 and other greenhouse gases in North America
An important objective of the ACME project is to quantify trends and variability in GHG concentrations over the SGP, as the foundation for understanding the carbon budget of North America and the processes that govern the budget. The routine vertical profile flights ( Figure 1 and Figure 2 ) are the backbone of this effort for several reasons. First, they are the most frequent routine airborne measurements feeding data to national carbon observing networks, quantifying the long-term secular trend in atmospheric CO 2 concentrations in the mid-continent. Second, these are the only regular airborne observations in United States that are routinely compared to (validated against) in situ continuous measurements.
Our observations show that troposphere CO 2 concentrations in the SGP vary enormously diurnally (100 ppm), seasonally (15 ppm), and spatially (5 ppm) ( Figure 4 ) due to ecosystem exchanges with the atmosphere, proximity to fossil sources, changes in planetary boundary layer depth, and exchanges with the free troposphere. The aircraft is necessary to sample both in the planetary boundary layer and in the more regionally influenced free troposphere. ARM-ACME is also building a data record on atmospheric concentrations of other important atmospheric species, including CH 4 , N 2 O, and CO ( Figures 5 and 6 ). 
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